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SUCCESSIVE APPROXMATION 
ANALOG-TO-DIGITAL CONVERTER WITH 

SAMPLE AND HOLD ELEMENT 

BACKGROUND 

In Some cases, an analog signal is converted into a digital 
Signal. For example, a processor or other device might 
convert an analog input Signal into a Series of bits that 
represent the value of the input Signal at a particular time. 
Improving the Speed at which an analog Signal can be 
converted and/or increasing the resolution of the conversion 
(e.g., the number of bits that represent the analog signal) 
may improve the performance of the device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a Successive approximation 
register type analog-to-digital converter circuit. 

FIG. 2 is an example of a six-bit capacitive charge based 
analog-to-digital converter circuit. 

FIG. 3 is a block diagram of an apparatus according to 
Some embodiments. 

FIG. 4 is an example of one type of Sample and hold 
element. 

FIG. 5 is a flow chart of a method according to some 
embodiments. 

FIG. 6 is a timeline illustrating compare and transfer 
periods according to Some embodiments. 

FIG. 7 is an example of a System according to Some 
embodiments. 

FIG. 8 illustrates an apparatus to perform digital-to 
analog conversions according to Some embodiments. 

DETAILED DESCRIPTION 

An Analog-to-Digital Converter (ADC) circuit receives 
an analog input signal and generates a digital output signal 
that represents the input signal. A number of different 
approaches may be used to create an ADC circuit, including 
flash conversion (e.g., using a large bank of converters), 
pipelined conversion (e.g. using a parallel structure), Sig 
madelta conversion (e.g., using over Sampling), or a con 
version using a Successive Approximation Register (SAR) 
algorithm. 

FIG. 1 is a block diagram of a SAR conversion ADC 
circuit 100. The circuit 100 includes a comparator 110 that 
receives an analog input signal V (e.g., after the analog 
Signal passes through a track and hold element). The output 
of the comparator 110 is provided to SAR control logic 120 
which may update bits in an N-bit result register 130. The 
bits in the result register 130 are converted back into an 
analog signal by an N-bit Digital-to-Analog Converter 
(DAC) 140, and the output of the DAC 140 is used as the 
other input for the comparator 110 (e.g., Such that the output 
of the comparator 110 is “1” when V is greater than the 
output of the DAC 140). 

The DAC 140 may, for example, convert the digital 
information into an analog signal having a value between 
ground (when the result register 130 has all 0s) and a 
reference voltage V (when the result register 130 has all 
1s). Moreover, the result register 130 may be initially set to 
a mid-range value (e.g., a five-bit result register might be 
initialized to “10000"). In this case, the output of the DAC 
140 will equal V/2. The comparator 110 may then 
determine whether Vy is less than V/2. If not (e.g., the 
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2 
output of the comparator 110 is “1”), the control logic 120 
may set the Most Significant Bit (MSB) of the result register 
130 to 1. On the other hand, if V is less than V/2 the 
control logic 120 may set the MSB of the result register 130 
to “0.” The process is repeated for each bit until the Least 
Significant Bit (LSB) of the result register 130 is set. At that 
point, the result register 130 will contain a digital represen 
tation of the analog input signal V. Note that the Speed and 
accuracy of the ADC circuit 100 may depend at least in part 
on the speed and accuracy of the DAC 140. 

FIG. 2 is one example of a six-bit capacitive charge based 
ADC circuit 200. The circuit 200 includes an array of seven 
capacitors connected to a comparator 210. The first two 
capacitors in the array have a “C” unit capacitance value. 
The capacitance is then doubled for each Successive capaci 
tor in the array (e.g. 2C, 4C, ... 32C). 
The ADC circuit 200 may convert an analog input signal 

V to a digital output Signal by performing the following 
three operations: (i) Sampling, (ii) holding, and (iii) bit 
cycling. In the “sampling” mode, all Switches in the circuit 
200 are placed in the positions illustrated in FIG. 2. As a 
result, all of the capacitors are charged to Vy. 

In the “hold” mode, the comparator 210 is kept in open 
loop by opening SW2 and all of the capacitors are switched 
to ground. As a result, the Voltage at node X becomes 
negative Vy. 
SW1 is then connected to V and the MSB capacitor 

Switch is connected to node Y to enter the “bit cycling” 
mode. This causes the voltage at node X to become (-V+ 
Ver/2). If V is not less than Ver/2, (i) the Voltage at 
node X will be negative, (ii) the MSB capacitor Switch is left 
connected to V (through SW1), and (iii) the output of the 
comparator 210 will be 1. Otherwise, if V is less than 
V/2 (i) the MSB capacitor Switch is connected back to 
ground and (ii) the output of the comparator 210 will be 0. 
These operations are repeated six times until the LSB 
capacitor Switch is reached. 

Note that an N-bit analog-to-digital conversion may 
require N-1 capacitors that exponential increases in capaci 
tance. Thus, increasing the resolution of the ADC circuit 200 
may require capacitors with impractically large capacitance 
values. In addition, all of the capacitors may need to have 
accurate matching characteristics (e.g., if a capacitor that is 
Supposed to have a capacitance of 16C deviates from that 
value, the accuracy of the ADC circuit 200 may be 
degraded). Moreover, the conversion speed of the ADC 
circuit 200 may be limited by the settling time of the MSB 
capacitor. 

FIG. 3 is a block diagram of an apparatus 300 according 
to Some embodiments. A comparator 310 receives an analog 
input signal V, along with a “comparison' signal V, from 
a comparison node and generates a digital result which is 
provided to a control circuit 320. 
V is associated with a Voltage divider having two 

resistors (R1 and R2) with substantially the same resistance. 
In particular, one end of R1 (referred to herein as the 
“higher-threshold” node) is coupled to a reference Voltage 
V through a first Switch SW1 and the other end of R1 is 
coupled to R2 at the comparison node. The other end of R2 
(referred to herein as the “lower-threshold” node) is coupled 
to ground through a Second Switch SW2. As a result, when 
the Voltage at the higher-threshold node is V, and the 
voltage at the lower-threshold node is V, V, will equal 
(V+V,)/2 (because R1 and R2 have substantially the same 
resistance). 

In addition, the comparison node is coupled to the higher 
threshold node through a sample and hold element 350 and 
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a third Switch SW3. Similarly, the comparison node is 
coupled to the lower-threshold node through another Sample 
and hold element 360 and a fourth Switch SW4. The sample 
and hold elements 350, 360 may comprise amplifiers that 
each have an output that is isolated from an input. For 
example, FIG. 4 is an example of one type of Sample and 
hold element 400 that could be used as a sample and hold 
element. In particular, two buffers 410, 420 isolate an output 
Signal (A) from an input signal(A). Note that a control 
line (e.g., from the control circuit 320) may control the 
operation of the amplifier 400 via switches (SWA and SWB) 
to transfer a signal through the element. 

The operation of the apparatus 300 according to some 
embodiments will now be described with respect to a flow 
chart illustrated in FIG. 5. At 502, V, is initially set V. 
Similarly, V, is initially set to ground at 504. That is, SW1 
and SW2 may be closed and SW3 and SW4 may be opened 
(to remove the sample and hold elements from the apparatus 
300). V, will therefore initially equal V/2 because V, 
equals (V+V,)/2, V, equals Ver, and V, equals ground 
(Zero volts). 

The comparator 310 compares the analog input signal V, 
with V (that is, with V/2 during the first conversion 
cycle) at 506. The digital result of the comparison (0 or 1) 
is then provided at 508. For example, the result may be 
Stored into a multi-bit result register (e.g., and parallel digital 
output Signals may be provided after the conversion is 
complete). According to another embodiment, a serial digital 
output signal is provided. 

If the result indicates that V, is less than V, at 510, V. 
is adjusted lower at 512. In particular, V is set to the 
existing value of V, by opening SW1 (to remove V), 
closing SW3, and transferring the existing V, to the higher 
threshold node via sample and hold element 350. In effect, 
the "ceiling” of future comparisons is being lowered. 

If the result indicates that V, is not less than V, at 510, 
V, is adjusted higher at 514. In particular, V, is set to the 
existing value of V by opening SW2 (to remove ground), 
closing SW4, and transferring the existing V, to the lower 
threshold node via sample and hold element 360. In effect, 
the “floor” of future comparisons is being raised. 

After V is adjusted, the conversion cycle is Successively 
repeated at 506 until a digital representation of Vry has been 
generated. By way of example only, consider a three-bit 
ADC circuit in which V equals 1.0 and V equals 0.3. 
In this case, V will equal 0.5 during the conversion cycle 
associated with the MSB. Since V, is less than V, a zero 
is output as a result and V is adjusted down to the existing 
V (0.5). 
The next conversion cycle is then performed. In this case, 

however, V, will be (0.5+0)/2 or 0.25. Since V is not less 
than V, a 1 is output as a result and V, is adjusted up to the 
existing V (0.25). Thus, for the third conversion cycle V, 
will equal (0.5+0.25)/2 or 0.375. After the third conversion 
cycle is complete, the result register will store “010” (the 
three-bit digital representation of the analog input Signal 
Vry). 

Note that once SW1 or SW2 is opened, it may remain in 
the open position until the conversion is complete (the 
Switches may then be returned to the closed position to 
re-initialize V, and V, for the next conversion). Similarly, 
once SW3 or SW4 is closed, it may remain in the closed 
position until the conversion is complete (e.g., V may be 
transferred to the higher-threshold node or the lower 
threshold node using control lines from the control circuit 
320 to the sample and hold elements 350, 360). 
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4 
Thus, each conversion cycle includes a “compare period” 

during which actions 506 and 508 are performed and a 
“transfer period” during which actions 510 and 512 (or 514) 
are performed. FIG. 6 is a time line 600 illustrating compare 
and transfer periods according to Some embodiments. Note 
that N conversion cycles may be performed to generate an 
N-bit digital representation of V. Also note that each 
conversion cycle may be performed during a single clock 
cycle (e.g., the compare period taking place during a high 
clock Signal portion and the transfer period occurring during 
a low clock signal portion). 

Referring again to FIG. 3, note that the resolution of the 
apparatus 300 may depend on the accuracy of the compara 
tor 310, the characteristics of the sample and hold elements 
350, 360 (e.g., gain error, droop rate, and dynamic Sampling 
error), and/or the matching of R1 and R2. However, the 
apparatus 300 may not require an increase in the number of 
matched components as the resolution of the conversion is 
increased. That is, only the two resistors R1 and R2 may 
need to having matching characteristics regardless of how 
many bits are generated. Since matching may be needed for 
only a limited number of components, external matching 
resistors might be used (e.g., composed of Tantalum Nitride 
or Nickel Chromium). 

In addition, the speed of the apparatus 300 might only be 
limited by the speed of the comparator 310 and sample and 
hold elements 350, 360 (e.g., and not a DAC). Similarly, 
because the number of analog components and logic over 
head may be reduced as compared to a tradition ADC circuit, 
the apparatus 300 might be appropriate for relatively low 
power environments (e.g., a battery operated device). 

For example, FIG. 7 is an example of a system 700 
according to Some embodiments. The System includes a 
processor 710 with an analog to digital conversion portion 
720 that operates in the accordance with any of the embodi 
ments described herein. For example, the portion 720 might 
include a comparator that receives an analog input Signal 
Vy along with a comparison signal V and generates a 
digital result. The portion 720 might further include an 
adjustment circuit to adjust the comparison Signal based on 
Successive digital results from the comparator. Moreover, a 
battery input might be provided so that the processor 710 can 
receive power from a battery 730. 
The following illustrates various additional embodiments. 

These do not constitute a definition of all possible 
embodiments, and those skilled in the art will understand 
that many other embodiments are possible. Further, although 
the following embodiments are briefly described for clarity, 
those skilled in the art will understand how to make any 
changes, if necessary, to the above description to accom 
modate these and other embodiments and applications. 

For example, although resistors are illustrated in FIG. 3, 
embodiments may be designed using capacitors instead. 
Similarly, although embodiments have been described with 
respect to Single-ended circuit operation, embodiments may 
instead use differential circuit operation. 

In addition, according to Some embodiments, an apparatus 
may also convert digital input Signals into an analog output 
Signal. For example, circuitry might be time shared between 
analog-to-digital and digital-to-analog conversions. FIG. 8 
illustrates an apparatus 800 to perform digital-to-analog 
conversions according to Some embodiments. In this case, 
the control circuit 820 receives digital input signals D and 
controls Switches SW1 through SW4 along with sample and 
hold elements 850, 860. At the end of the conversion period, 
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Vour will be an analog representation of Dr. 
For example, consider a D of “1010. At the beginning 

of the conversion period, SW1 and SW2 are closed and the 
voltage at a result node will be 0.5V. During the first 
half of the first conversion cycle, V, is sampled by the 
lower-threshold sample and hold element 860 (because the 
MSB of D, is 1). 

During the second half of the first conversion cycle, SW2 
is opened, SW4 is closed, and the sample and hold element 
860 transferS the existing V to V. AS a result, the new 
Vo is equal to (V+0.5 V)/2 or 0.75*V. 

Similarly, during the first half of the second conversion 
cycle the Voltage at the result node is Sampled by the 
higher-threshold sample and hold element 850 (because the 
second bit of D is 0). During the second half of this cycle 
SW1 is opened, SW3 is closed, and the sample and hold 
element 850 transferS the existing V to V. AS a result, 
the new V is equal to (0.75*V+0.5 V)/2 or 
0.625 V. During the third conversion cycle, V. 
becomes 0.6875, and during the fourth conversion cycle 
V becomes 0.71875 (which is the analog representation 
of “1010”). 

The several embodiments described herein are solely for 
the purpose of illustration. Persons skilled in the art will 
recognize from this description other embodiments may be 
practiced with modifications and alterations limited only by 
the claims. 
What is claimed is: 
1. An apparatus, comprising: 
a comparator to receive an analog input Signal Vy along 

with a comparison signal V, and to generate a digital 
result, the comparison signal V being received at a 
comparison node, 

a higher-threshold Sample and hold element to received 
V, and to Selectively provide V to a higher-threshold 
node, 

a higher-threshold resistor having a resistance R coupled 
between the higher-threshold node and the comparison 
node, 

a lower-threshold sample and hold element to received V, 
and to selectively provide V, to a lower-threshold 
node, and 

a lower-threshold resistor coupled between the lower 
threshold node and the comparison node. 

2. The apparatus of claim 1, wherein 
the comparison signal is adjusted based on Successive 

digital results from the comparator and V. Substantially 
equals (V+V,)/2. 

3. The apparatus of claim 1, wherein the 
lower-threshold resistor has a resistance Substantially 

equal to R. 
4. The apparatus of claim 1, wherein the higher-threshold 

and lower-threshold Sample and hold elements are amplifiers 
each having an output that is isolated from an input. 

5. The apparatus of claim 1, further comprising: 
a first Switch coupled between the higher-threshold node 

and a reference Voltage, and 
a second Switch coupled between the lower-threshold 

node and ground. 
6. The apparatus of claim 5, wherein the first and second 

Switches are to be closed to initialize V to the reference 
voltage and V, to ground. 

7. The apparatus of claim 5, further comprising: 
a third Switch coupled between the output of the higher 

threshold Sample and hold element and the higher 
threshold node; and 
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6 
a fourth Switch coupled between the output of the lower 

threshold sample and hold element and the lower 
threshold node. 

8. The apparatus of claim 1, further comprising: 
a multi-bit result register to Store results from the com 

parator. 
9. The apparatus of claim 1, wherein the apparatus is 

further to convert multiple digital input signals into an 
analog output Signal V. 

10. A method, comprising: 
initially Setting a higher-threshold Signal V, 
comparing an analog input signal Viv to a comparison 

Signal V, 
providing a digital result of the comparison; 
when a digital result indicates V is less than the existing 
V, transferring the existing V, through a Sample and 
hold element to Set V to the existing V, and 

Successively performing comparisons and transferS to 
generate a digital representation of Vy. 

11. The method of claim 10, further comprising: 
initially Setting a lower-threshold Signal V, wherein V, 

Substantially equals (V+V)/2. 
12. The method of claim 11, further comprising: 
when a digital result indicates V is not less than the 

existing V, Setting V, to the existing V. 
13. The method of claim 12, wherein V, is set to the 

existing V, by transferring the existing V, through a sample 
and hold element. 

14. The method of claim 11, wherein V is initially set to 
a reference Voltage and V, is initially set to ground. 

15. The method of claim 10, wherein said providing 
comprising: 

Storing results in a multi-bit result register. 
16. A System, comprising: 
a processor having an analog to digital conversion portion 

that includes: 
a comparator to receive an analog input signal V, along 

with a comparison Signal V, and to generate a digital 
result, the comparison Signal V being received at a 
comparison node, 

a higher-threshold Sample and hold element to receive 
V, and to Selectively provide V to a higher 
threshold node, 

a higher-threshold resistor having a resistance R 
coupled between the higher-threshold node and the 
comparison node, 

a lower-threshold Sample and hold element to receive 
V, and to selectively provide V, to a lower-threshold 
node, and 

a lower-threshold resistor coupled between the lower 
threshold node and the comparison node, and 

a battery input to receive power to be provided to the 
processor. 

17. The system of claim 16, wherein 
the comparison Signal is adjusted based on Successive 

digital results from the comparator and V. Substantially 
equals (V+V,)/2. 

18. The system of claim 17, wherein the 
lower-threshold resistor has a resistance Substantially 

equal to R. 


